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E-mail address: holzen@mic.tamu.edu (A. HolzenbPlants and algae contain the FtsZ1 and FtsZ2 protein families that perform speciﬁc, non-redundant
functions in plastid division. In vitro studies of chloroplast division have been hampered by the lack
of a suitable expression system. Here we report the expression and puriﬁcation of FtsZ1-1 and FtsZ2-
1 from Arabidopsis thaliana using a eukaryotic host. Speciﬁc GTPase activities were determined and
found to be different for FtsZ1-1 vs. FtsZ2-1. The puriﬁed proteins readily assembled into previously
unreported assembly products named type-I and -II ﬁlaments. In contrast to bacterial FtsZ, the
Arabidopsis proteins do not form bundled sheets in the presence of Ca2+.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Chloroplasts and other types of plastids evolved from cyano-
bacterial endosymbiotic ancestors [1–3] and their division re-
quires proteins that are homologous to bacterial FtsZ. In
contrast to most prokaryotes, which have a single form of FtsZ,
plants and algae contain two structurally distinct FtsZ protein
families, FtsZ1-1 from Arabidopsis thaliana (FtsZ1) and FtsZ2-1
from A. thaliana (FtsZ2), that play essential and non-redundant
roles in plastid division [4] and are colocalized in FtsZ rings in
the chloroplast stroma underneath the envelope membrane [5–
7]. Recently, a previously identiﬁed FtsZ protein from the moss
Physcomitrella patens was re-classiﬁed as a member of a new
FtsZ family, FtsZ3, and it was suggested that FtsZ3 arose after
the divergence of bryophytes [8]. Vascular plants apparently do
not contain FtsZ3 [8]. A. thaliana contains two FtsZ2 family mem-
bers with redundant functions, AtFtsZ2-1 and AtFtsZ2-2, of whichchemical Societies. Published by E
sitive Z; ARC, accumulation
Arabidopsis thaliana; FtsZ2,
Imaging Center, Texas A&M
+1 979 847 8933.
urg).the latter is less abundant [9] and therefore only AtFtsZ2-1 was
included in this study.
The assembly of both FtsZ1 and FtsZ2 into the FtsZ ring is a cru-
cial step in plastid division. The two FtsZ proteins integrate the ef-
fect of antagonistic regulatory factors (disassembly vs. stabilization
of FtsZ polymers) [10,11] via speciﬁc interactions of FtsZ1 with
accumulation and replication of chloroplasts 3 (ARC3) and FtsZ2
with ARC6, and coordinate assembly of the other components of
the division machinery located on both the inner (stromal) and
outer (cytoplasmic) sides of the chloroplast envelope [10,12,13].
Even though the mechanism of plastid division is becoming overall
better understood and the functional differences between FtsZ1
and FtsZ2 are being revealed, the biochemical properties of FtsZ1
and FtsZ2, structure of FtsZ assemblies and the assembly mecha-
nism remain unknown. To date, in vitro studies have been ham-
pered by the lack of suitable amounts of functional, soluble
puriﬁed protein from bacterial expression systems. The reason
for this is threefold: (i) an unfavorable codon bias of plant FtsZs
leads to low expression levels, (ii) toxicity to the host cell, and
(iii) the formation of inclusion bodies. Here we describe the
expression of A. thaliana FtsZ1-1 and FtsZ2-1 in the eukaryotic host
Pichia pastoris, demonstrate speciﬁc GTPase activities of the puri-
ﬁed recombinant proteins and show that they are capable of
assembling into ﬁlamentous structures.lsevier B.V. All rights reserved.
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Detailed procedures are given in the Supplemental data.
2.1. Plasmid constructs
The following convention is adhered to: FtsZ1 stands for
AtFtsZ1-1 and FtsZ2 for AtFtsZ2-1. FtsZ1 wild-type cDNA (Genbank
accession U39877) 180 nt to end and FtsZ2 cDNA (NM_129183)
fragment containing 20–1435 nt of the coding sequence were
ampliﬁed corresponding to the predicted mature protein without
the chloroplast targeting sequence. An initiation ATG as part of a
yeast consensus sequence was introduced by PCR [14].
Each PCR product was cloned in-frame into the pPICZ B
expression vector (Invitrogen) which added a c-myc and 6
his tag to the C-terminus. The resulting expression constructs
were then isolated and used for transformation of P. pastoris
strains X33, GS115, and KM71H with the Easy Select Pichia
expression kit (Invitrogen).
2.2. FtsZ gene expression and puriﬁcation of recombinant proteins
Pichia X33 strains expressing FtsZ1 or FtsZ2 were grown in
200 mL cultures using buffered methanol complex medium sup-
plemented with 3% (v/v) methanol every 12 h for a total growth
time of 60 h at 30 C. Cell lysates were prepared and puriﬁed under
native conditions using nickel–nitriloacetic acid (Ni–NTA) agarose
beads (Invitrogen). Fractions determined to contain the respective
FtsZ protein by SDS–PAGE were dialyzed and their concentrations
determined by NanoDrop 1000 (Thermo Scientiﬁc), the BCA pro-
tein assay (Pierce) [15] or the Bradford method [16]. Collected frac-
tions were subjected to SDS–PAGE andWestern blotting to identify
pure aliquots for assembly reactions.
2.3. Western and dot blots
Fractions were separated by SDS–PAGE (10% separating and 4%
stacking gels) using a Mini-PROTEAN 3 system (Bio-Rad) [17]. Pro-
tein was transferred onto 0.2 lm nitrocellulose, blocked for 1 h
with 2% (v/v) cold water ﬁsh gelatin (Sigma) followed by an over-
night incubation at 4 C with mouse monoclonal anti-c-myc anti-
body (Invitrogen), three washes for 10 min each, and a 45-min
incubation with mouse anti-rabbit alkaline phosphatase conjugate
(Invitrogen) followed by four 10 min washes. Developing was car-
ried out in the presence of 5% (w/v) aqueous BCIP solution (5-Br–4-
Cl–3-indolyl-phosphate, Research Products International), and
10 lL of 7.5% (w/v) NBT (nitroblue tetrazolium, Research Products
International) in 100% (v/v) methanol at 21 C.
2.4. GTPase assay
GTPase activity was measured using a continuous, regenerative
GTPase assay [18] at 37 C with 50 lL reaction volumes (4 lM FtsZ)
in a 384-well plate (Greiner Bio-One). Absorbances at 340 nm were
monitored using a SynergyTM HT Multi-Mode Microplate Reader
(BioTek Instruments, Inc.). Data were plotted using Microsoft Excel
and corrected against a sample containing no protein. GTPase
activities given are derived from triplicate experiments. In control
reactions, GTP was substituted by GMPCPP, which is hydrolyzed at
a much slower rate than GTP [19].
2.5. FtsZ assembly reactions and electron microscopy
Assembly reactions were carried out with either MEMK [20] or
HEPESAc buffers [21]. Reactions contained 0.6 mg of FtsZ proteinper mL and either 2 mM GTP, 2 mM GMPPNP (non-hydrolyzable
GTP analog) or no nucleotide and assembly conditions consisted
of a 10 min incubation on ice followed by 10 min at 37 C. For elec-
tron microscopic analysis 2–5 lL of the reaction mixture was ad-
sorbed onto a freshly glow-discharged carbon-coated Formvar
grid, washed brieﬂy in water and negatively stained with a 2%
(w/v) aqueous solution of uranyl acetate (pH 4.5). Specimens were
observed in a JEOL 1200 EX transmission electron microscope
operated at an acceleration voltage of 100 kV. Electron micro-
graphs were recorded at calibrated magniﬁcations.
3. Results
3.1. A. thaliana FtsZ1 and FtsZ2 can be heterologously expressed in a
eukaryotic system
The FtsZ constructs in theP. pastoris expression vectors were de-
signed to contain only the predicted mature FtsZ protein, without
the N-terminal chloroplast targeting sequence as predicted by
ChloroP [22]. Three Pichia strains bearing FtsZ (X33, GS115,
KM71H) were constructed and tested for expression. Only the
X33 strain supported expression at levels appropriate for further
processing. Positive transformants were identiﬁed by immunoblot-
ting with an anti-c-myc antibody (Fig. 1 lanes o–u and Supplemen-
tary Fig. 1 lanes k–o).
The purest fractions eluted from the Ni–NTA afﬁnity column
(Fig. 1, lanes j–l and Supplementary Fig. 1, lane i) were dialyzed,
concentrated to 1–3 mg/mL and used for subsequent experiments.
These fractions were resolved as a single band on a stained gel and
were detected as a single band of the same molecular mass on
immunoblots probed with anti-c-myc antibody (Fig. 1, lanes q–s
and Supplementary Fig. 1, lane n). In control cell lysates from a
non-transformed X33 Pichia strain that were subjected to an iden-
tical puriﬁcation procedure, no detectable protein was obtained
after elution from the afﬁnity column on a Coomassie-stained gel
and likewise, no signal was detected in immunoblots probed with
anti-c-myc antibody (data not shown). This indicated that the puri-
ﬁcation procedure was speciﬁc for the protein of interest, and that
the puriﬁed FtsZ was free of Pichia contaminants.
3.2. FtsZ1 and FtsZ2 have GTPase activity in vitro
Plant FtsZs were expected to be GTPases due to a conserved
GTPase domain and overall similarity to prokaryotic FtsZs. To char-
acterize GTPase activity of plant FtsZ1 and FtsZ2 and differences
therein, a continuous GTPase assay was used [18]. A continuous as-
say avoids the possibility of substrate depletion and ensures an
accurate representation of data in case of a lag phase [18,23].
The individual FtsZ proteins and the co-assembly each displayed
a GTPase activity (Fig. 2A–C). The speciﬁc activity of preparations
containing both FtsZ1 and FtsZ2 at equimolar concentrations
(16.5 ± 0.3 nmol GTP hydrolyzed/min/mg protein) was signiﬁcantly
lower than a simple average (40 nmol GTP hydrolyzed/min/mg
protein) of the individual activities (FtsZ1: 66 ± 1.5 nmolGTPhydro-
lyzed/min/mg protein; FtsZ2: 12 ± 0.5 nmol GTP hydrolyzed/min/
mg protein). This suggests that FtsZ1 + FtsZ2 interactionsmay regu-
late GTPase activity of the assemblies. GTPwas replaced by the ana-
log GMPCPP, which is hydrolyzed several times slower [19] and the
measured GTPase activity dropped signiﬁcantly (Fig. 2A–C). When
the K+ component of theGTPase buffering systemwas replacedwith
Na+, the GTP hydrolysis fell to essentially zero (data not shown). The
same effect was reported for archaeal FtsZ GTPase activity [24].
Overall the results show that plant FtsZ1 and FtsZ2 exhibit
GTPase activities comparable to that reported for bacterial/archa-
eal FtsZ [25–27], which ranges from 13 nmol/min/mg of protein
Fig. 1. Puriﬁcation of recombinant FtsZ1 expressed in Pichia pastoris. Coomassie-stained FtsZ1 SDS–PAGE (a–n) and Western blot (o–u) probed with anti-c-myc antibody. (a)
Diluted whole cell lysate, (b) ﬂowthrough, (c–g) wash fractions (h–n) eluate fractions 1–7, and (o–u) Western blot corresponding to eluate fractions 1–7. Molecular mass
marker positions are given in kDa. The arrow indicates the FtsZ1 band. The box indicates fractions that were used for dialysis and subsequent experiments.
Fig. 2. GTPase activity of FtsZ1-1 from Arabidopsis thaliana (FtsZ1) and FtsZ2-1 from
Arabidopsis thaliana (FtsZ2). Enzyme-coupled assay monitoring NADH oxidation vs.
time for (A) FtsZ1, (B) FtsZ2, and (C) FtsZ1 + FtsZ2 in the presence of GTP (top black
line). Two controls were carried; FtsZ in the presence of GMPCPP (middle gray line)
to show signiﬁcance of GTP and an empty well control (bottom gray line) to ensure
experimental compatibility between different experimental set-ups (i.e. this report
vs. Ingerman and Nunnari [18]). Readings were taken every 20 s for at least 15 min.
The slope was subsequently used to calculate GTPase activity as described (see
Supplemental data).
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mg of protein in E. coli (4 lM FtsZ) [27].
3.3. FtsZ1 and FtsZ2 are able to assemble independently and in
combination with each other into ﬁlamentous structures in the
presence of GTP
In order to determine whether heterologously expressed and
puriﬁed FtsZ is able to assemble into higher order structures,puriﬁed FtsZs were tested in GTP-containing buffer systems that
had previously proven successful with bacterial FtsZ, MEMK [20]
and HEPESAc [21]. The presence of assemblies was monitored by
electron microscopy. Both buffer systems yielded similar results
and led to the formation of ﬁlamentous structures typically rang-
ing from 100 nm to several lm in length. Results obtained with
the MEMK buffer system are shown. The presence of Ca2+ in the
assembly buffer did not yield any additional forms of assemblies,
which is in contrast to bacterial FtsZ which was reported to form
Ca2+-induced ﬁlament sheets [29].
Filaments were observed when FtsZ1 and FtsZ2 were both
present at an equimolar ratio (Fig. 3A) and also in preparations
containing only FtsZ1 (Fig. 3B) or FtsZ2 (Fig. 3C). When the puriﬁed
protein was placed onto a grid without performing the assembly
procedure (no GTP in the buffer and no incubation at 37 C) and
was immediately ﬁxed and stained, no ﬁlaments formed and only
single particles were present (Fig. 4A and Supplementary Fig. 2).
This indicated that the ﬁlaments observed after assembly are
speciﬁcally caused by the assembly procedure and that the recom-
binant protein is active. Using the same procedure in the presence
of the non-hydrolyzable GTP analog GMPPNP again resulted in the
absence of ﬁlaments and only single particles were observed. This
control suggests that the puriﬁed protein is free of polymeric con-
taminants and that hydrolysis of guanine nucleotides is required
for plant FtsZ polymerization in vitro.
When analyzing the ﬁlamentous structures observed, two mor-
phologically distinct types of ﬁlaments, termed type-I and -II, could
be readily discerned (Figs. 3A–C and 4B–D). Type-I ﬁlaments
(Fig. 4B) were smoothly delineated and type-II ﬁlaments (Fig. 4C
and D) displayed discrete, easily identiﬁable densities that ap-
peared to constitute the subunits – i.e. the smallest repeating units
– from which the ﬁlaments had assembled. Each of these ﬁlament
subunits are elliptical in projection with the long axis measuring
6.1 ± 0.2 nm and the short axis 4 ± 0.2 nm. Assuming a prolate
ellipsoid as the 3D subunit shape and a partial speciﬁc volume
(t) of 0.74 mL/g [30,31], the molecular mass (m) can be estimated
according to the formula m (Da) = volume of the protein
(mL)  Avogadro’s number  1/t [30]. Using this approach, one ar-
rives at a molecular mass of 41.5 kDa per subunit which is in agree-
ment with the molecular mass of either recombinant FtsZ1
(41.5 kDa) or FtsZ2 (42.5 kDa) used in this work. The molecular
dimensions also agree well with the X-ray data for bacterial FtsZ
where the bulk of the protein along the three principal axes mea-
sures 3.5  4  6 nm [32].
The appearance of two distinct ﬁlaments in preparations con-
taining FtsZ proteins independently and in combination led us to
investigate the distribution of the two ﬁlament types. Type-II
ﬁlaments were predominant in all preparations albeit at different
ratios. FtsZ1 preparations (70% type-II, n = 100) yielded the highest
proportion while FtsZ2 preparations (54% type-II, n = 100) were
only slightly biased towards type-II ﬁlaments. As expected, the
equimolar mixture of FtsZ proteins gave an intermediate value
Fig. 3. Electron micrographs of negatively stained FtsZ1 and FtsZ2 assemblies in the presence of GTP. For all panels, arrowheads highlight type-I ﬁlaments and arrows
highlight type-II ﬁlaments. (A) Filaments from a reaction containing FtsZ1 + FtsZ2 in an equimolar mixture, (B) ﬁlaments from a reaction containing only FtsZ1, and (C)
ﬁlaments from a reaction containing only FtsZ2. The background displays ﬁlament precursors. Scale bars correspond to 100 nm.
A.G. Smith et al. / FEBS Letters 584 (2010) 166–172 169(61% type-II, n = 100). Different types of ﬁlament precursor parti-
cles were observed (Fig. 4A), however, determining their quater-
nary structures is currently challenged by the high degree of
particle heterogeneity.
4. Discussion
The chloroplast division machinery is a complex system
composed of both pro- and eukaryotic-origin components and
coordinated across the double envelope membranes [13,33,34].
Many prokaryotic cell division proteins have been lost after the
endosymbiotic event and new ones evolved to perform novel func-
tions in the chloroplast. The evolution two FtsZ families in plants
and their speciﬁc interactions with different components of the
division machine exemplify this process. However, along with this
divergence, there is also a surprising conservation of some interac-
tions and functions between proteins involved in bacterial cell and
plant chloroplast division. For instance, plant FtsZ1 and FtsZ2 pro-
teins expressed in E. coli assemble into ﬁlaments, are localized to
the bacterial division site, and their overproduction blocks bacte-
rial cell division [35, and S. Vitha, unpublished] and may even
restore bacterial cell division in ftsZ mutants [36]. The ArabidopsisMinD protein is apparently able to interact with the bacterial FtsZ
protein and can rescue E. coli DMinCD mutation [37]. The eukary-
otic-origin PARC6 protein [11,38], also known as CDP1 [39] inter-
acts with the chloroplast division protein ARC3, but also blocks
cell division when overproduced in E. coli. This conservation offers
opportunities for studying the properties and interactions of the
chloroplast division proteins, but also brings an unwanted compli-
cation when puriﬁcation of recombinant chloroplast division pro-
teins is attempted from a bacterial expression system. Therefore,
heterologous expression of higher plant FtsZ was carried out in
Pichia. There is no endogenous FtsZ in yeast that could result in a
contamination of the recombinant FtsZ. Furthermore, FtsZ expres-
sion is well tolerated in Pichia, i.e. the growth is not disrupted
and the recombinant protein is neither misfolded nor sequestered
into inclusion bodies as often observed with bacterial expression
systems [40,41]. The absence of the oligopeptide sequence recog-
nized by the anti-c-myc antibody in the Pichia proteome permitted
a speciﬁc detection of the epitope-tagged recombinant protein.
Several lines of evidence indicate that epitope-tagged FtsZ is fully
functional: In bacteria, for instance, His-tagged FtsZ constructs
can complement the ftsZ null allele [42] and assembly dynamics
of GFP-tagged FtsZ in B. subtilis and E. coli is comparable to that ob-
Fig. 4. Electron microscopic analysis of negatively stained in vitro FtsZ1 + FtsZ2 + GTP assemblies. (A) Oligomeric ﬁlament precursors in different orientations. (B) Type-I
ﬁlament displaying helical (arrows) ends. (C) Morphology of type-II ﬁlaments including a section of the ﬁlament at high magniﬁcation (D), readily revealing individual
subunits (arrows). Scale bars correspond to 20 nm except for (A) for which it is 10 nm.
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FtsZ1 and FtsZ2 are capable of assembling into ﬁlaments and rings
at the chloroplast division site [5], exhibit dynamic turnover
in vivo and FtsZ1-GFP can restore chloroplast division in an ftsZ1
null mutant (personal communication, S. Vitha and C.B. Johnson).
The in vivo macromolecular structure of FtsZ is little under-
stood in either prokaryotes or plant chloroplasts and it remains
to be seen to what detail the in vitro polymers reﬂect the scenario
in vivo. An elegant cryo-EM tomography analysis of FtsZ in Caulob-
acter crescentus recently revealed overall length, curvature and
localization of FtsZ ﬁlaments but did not resolve the ﬁlament struc-
ture at the macromolecular level [44]. The results in this report
demonstrate that Arabidopsis FtsZs assemble into two types of ﬁl-
aments that were not previously identiﬁed. It is interesting and
perhaps not surprising that the observed type-I and -II ﬁlaments
have not been seen with the single FtsZ bacterial/archaeal
in vitro systems and instead other morphologies were reported
[24,40,41] that are not echoed by A. thaliana FtsZ1 and FtsZ2. Mea-
surements on type-II ﬁlaments revealed optically separate building
blocks that could correspond to FtsZ monomers (see Section 3).
Similar measurements have been used to good effect with ﬁlamen-
tous assemblies of the type-II secretion protein of Pseudomonas
aeruginosa [45].
Both FtsZ1 and FtsZ2 proteins were predicted to be GTPases. It
is believed that at least some GTPase activity is needed for their
assembly, since in Arabidopsis, a G267R mutation of the highly con-
served glycine in the predicted GTP-hydrolytic T7 loop of FtsZ1
[46] results in FtsZ1 being unable to form ﬁlaments in vivo or coas-
semble with FtsZ2 [47]. This mutant is likely to be defective in
GTPase activity, since mutations in the T7 loop of bacterial FtsZ in-
hibit GTP hydrolysis activity, cannot complement null mutations
[42,48], inhibit bacterial cell division and prevent polymerization
both in vitro and in vivo [49]. The in vitro results presented in thisreport suggest that interaction with guanine nucleotides is neces-
sary for FtsZ1 and/or FtsZ2 assembly since reactions performed
without GTP or with a non-hydrolyzable analog (GMPPNP) did
not yield any assemblies, which is in agreement with earlier re-
ports on bacterial FtsZ which demonstrated that GMPPNP is a poor
substrate for bacterial FtsZ [50,51] and glutathione S-transferase
tagged E. coli FtsZ does not polymerize when GTP is replaced by
GMPPNP [52]. However, a more recent study on bacterial FtsZ
demonstrated GMPPNP-dependent assemblies – albeit in the pres-
ence of crowding agents [53]. While further work is needed to ad-
dress the relevance of guanine nucleotide binding vs. turnover, the
‘‘no-nucleotide” control demonstrates that the ﬁlaments observed
in the presence of GTP are the result of an active FtsZ protein
assembly. Both puriﬁed FtsZ1 and FtsZ2 exhibited GTPase activity
with the activity of FtsZ1 being 5 times higher than that of FtsZ2.
This is signiﬁcant, since whether plant FtsZs have any GTPase
activity at all, and what the speciﬁc activities are, was not previ-
ously known. It was suggested that FtsZ1 and FtsZ2 may have
evolved to create different GTPase properties within the Z-ring
depending on how the monomers assemble [34]. Our results are
consistent with this prediction and provide an impetus to investi-
gate the role of the different GTPase activities observed for plant
FtsZ1 and FtsZ2.
Type-I ﬁlaments for both FtsZ1 and FtsZ2 assemblies presented
here appear somewhat similar to those shown by El-Kafaﬁ et al.
[54] for Nicotiana tabacum recombinant FtsZ1 while for FtsZ2 only
globular aggregates were reported. This aggregation may be due to
the inclusion of a chloroplast targeting sequence. In contrast, the
present studies were conducted using the mature form of FtsZ
without the predicted chloroplast transit peptide. Whether both
type-I and -II ﬁlaments exist in vivo, their stoichiometry and rele-
vance to the overall assembly and function of the FtsZ ring struc-
ture is currently under investigation. Both types of ﬁlaments may
A.G. Smith et al. / FEBS Letters 584 (2010) 166–172 171be required to maintain the FtsZ ring structure in plant chloro-
plasts and the different molecular arrangements within type-I
and -II ﬁlaments may affect their ability to interact with other
components of the division machinery. Future experiments aimed
at studying the interactions of ARC6 and ARC3 with type-I and -II
ﬁlaments will test this hypothesis.Acknowledgment
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